This study characterized histochemically three fast fiber types (IIB, ID, IIA) in skeletal muscles of mouse, rat, and rabbit, with special reference to fiber types IIB and IID. The results are complemented by biochemical analyses of myosin heavy chain composition in these muscles. Fiber type delineation is based on various methods for mATPase staining with preincubations and assays under different conditions. In rat and mouse, IIB and IID fibers can be best distinguished according to their different mATPase stabilities towards formaldehyde and alkaline pH. In rabbit, the method of Matoba and Gollnick using acid pre-incubation provided best and most reproducible results. In addition to their different mATPase stabilities, the three fast fiber types M e r with regard to their oxidative capacities and aoss-sectional fiber areas in the three species. In general, Type IIB fibers are the largest and least oxidative, Type IIA fibers the smallest and most oxidative, and Type IID fibers intermediate. In rabbit, Type IID fibers are the predominant fast fiber popdation in extensor digitorum longus, psoas, and tibialis anterior muscles. As judged from histochemistry, these muscles of rabbit do not contain pure Type IIB fibers. This is in accordance with biochemical results that show the HCIId to form the majority of the myosin heavy chain complement expressed in these muscles.
Introduction
Different subgroups of fast-twitch fibers have been delineated histochemically by staining for myofibrillar actomyosin ATPase (mATPase) activity (for review see 1). Two fast subgroups, Types IIA and IIB, differ in specific mATPase stabilities in the acid range (2), as well as in different sensitivities towards formaldehyde fixation and alkaline pre-treatment (3) . Specific myosin heavy chains HCIIa and HCIIb have been assigned to these fiber types by single fiber analysis (4-6). An additional myosin heavy chain, HCIId, has been characterized and assigned to the fast fiber Type IID, abundant in rat diaphragm (6,7). Fiber Type IID probably corresponds to the fiber type 2X, identified immunochemically and histochemically by Schiaffino and co-workers in muscles of mouse, rat, and guinea pig (8) (9) (10) (11) (12) . On the basis of immunohistochemical results, Eger and coworkers described a third fast fiber type in rat muscle which, in their opinion, is distinct from Type IID (13) .
Although fiber Types IIA and IIB can be distinguished histochemically, the separation of Type IIB and Type IID is less clearcut. In the rat, fiber Types IIB and IID display similar staining intensities after acid pre-incubation with the classical Brooke and Kaiser procedure (2) . Howewr, they can be delineated by " a s e staining after formaldehyde-alkaline pre-treatment (6, 12, 14, 15 ). It has also been shown that fiber Types IIB and IID display different metabolic properties. In rat, guinea pig, and mouse, Type IIDl2X fibers exhibit higher activities of enzymes related to aerobic-oxidative metabolism than Type IIB fibers (6, 12, 14, 16) .
Since fiber type IIDl2X has been identified in muscles of mouse, guinea pig, and rat, but not in rabbit, it could have been assumed that this fiber type exists only in mammals smaller than rabbit. However, because the myosin heavy chain HCIId became electrophoretically identifiable in rabbit, we decided also to delineate and characterize histochemically the corresponding fiber type, i.e., fiber Type IID, in this mammal. In addition, we wanted to compare the histochemical profiles of the three fast fiber types in rabbit with those in mouse and rat. stnin) and rabbits (White New W a n d strain) were dissected. cut into thin, longitudinal strips, frozen in a slightly stretched position in melting isopentane ( -159.C) . and stored at -70'C.
HCI to pH 10.4). After two successive I-min incubations in the wash solucion (sec above). sections were incubated for 25 min at 37.C in ATP solution (2.5 mM ATP, 100 mM 2-amino-3-methyl-l-propanol, 18 mM CaClz, Myosin Havy Chain Electrophoresis. Myosin heavy chain (HC) isoforms were separated from crude myosin extracts by gradient polyacrylamide gel electrophoresis (7) with the following modifications: the gradient was between 6-1 1% (polyacrylamide and bisacrylamide ratio was 0.85:100) and the glycerol gradient from 20-25%. The electrophoresis was performed at 8'C for 48 hr. Densitometric evaluation of the silver-stained gels (17) was performed using an image processing system (Syncotec; Asslar. Germany) consisting of a video camera and an image processor.
FiberT+ng by MpofibriUu Actompoain ATR9e Hkochc~nisrry. Serial 8-pm cross-sections were cut on a cryostat microtome at -25'C. mounted on coverslips. and stained in small plastic jars. Four difierent procedures were used for staining myofibrillar actomyosin ATPase (mAlBsc EC 3.6.3.1).
Method A is a modification (18) of the procedure of Brooke and Kaiser (2) . Sections were incubated at room temperature for 7 min in a solution consisting of 54.3 mM sodium acetate and 32.6 mM sodium barbital. adjusted with HCI to pH 4.30 or 4.60. After washing with a solution containing 18 mM CaCIz and 100 mM Tis-HCI. pH 7.8. the sections were incubated at room temperature for 45 min in a medium containing 4.5 mM A P , 19.5 mM CaCIz. 116 mM 2-amino-2-methyl-l-propanol (Sigma alkaline bufier solution 221) (Sigma; St Louis, MO) at pH 9.4. After three SUCceaivc 3-min incubations in 11 mM CaC12. the sections were incubated two times for 1.5 min in 2% (wlv) Cocl~ and then incubated six times for 30 sec in IO mM sodium barbital and once in distilled water. After 45 xc of incubation in 2% (vlv) (N&)zS. sections were washed in tapwater. dehydrated in ethanol, c l d in xylene. and embedded in Entellan (Merck; Darmstadt. Germany).
Method B is b a d on the procedure of Gollnick and collaborators (19.20) .
Sections were pre-incubated at room temperature for 130 sec in a solution of 100 mM citrate-sodium citrate and 100 mM KCI. adjusted to pH 4.6.
They were rinsed m tima in 150 mM 2-amino-2-methyl-l-pro~ol (Sigma alkaline buffer solution 221, pH 9.40) and then incubated at 37'C for 30 min in the same buffer solution containing 3.3 mM ATP, 18 mM CaCIz. and 50 mM KCI. After one 3-min incubation in 11 mM CaCIz. sections were incubated for 3 min in 2% (w/v) CoCIz. They were rinsed in distilled water between each step. After I-min incubation in 1.5% (vlv) (NH4)zS. sections were then proccsxd as above.
Method C is similar to that of Gurh and Sunaha (3) . Sections were incubated for 8 min at 4'C in a solution conraining 1.85% (wlv) formaldehyde in 145 mM sodium cacodylate, 68 mM CaCIZ, and 325 mM sucrose (adjusted with HCI to pH 7.6 before adding the formaldehyde). After wash-inR in 100 mM 'Iris, 18 mM CaClz (pH 7.8). an alkaline pn-incubation was performed for 10-14 min at room temperature in a solution containing 34 mM 2-amino-3-methyl-1-propanol. 120 mM CaCIz (adjusted with NADH tetrazolium reductase (NADH-m. EC 1.6.4.3) was stained according to the procedure of Farber and collaborators (22). Micrographs of the stained serial sections were taken with the use ofa microxope-attached video camen and a hard copy processor (Misubishi. model P60B). Thex p i c " s e d as guidelines for identifyrng individual fibers in serial sections.
M " a e n t of Cnm-sectional Fiber Area. The arcas of the muscle fibers were measured from mATPase-stained cross-sections with the use of an image processing system (Syncotec) consisting ofa k i t s (Wettlu. Gcrmany) Orthoplan microscope with an attached video camera and an image processor with a spatial molution of512 x 512. The signals were digitalized with a resolution of 256 gray steps and were further proccsxd by an interactive mouse-controlled program. Statistical evaluations were based on Student's t-test.
Results

Electrophoretic Separation of Myosin Heavy Chain Isofoms
As previously shown. fut-twitch muscles of mouse and rat contained three fast myosin HC isoforms in the order of increasing electrophoretic mobility, HCIla. HCIId. and HCIIb (Figure 1 ). The same isoforms were also detected in artracts from fast-twitch muscles of rabbit (Figure 2 ). However. the distribution of these t h m fast myosin heavy chain isoforms differed among the three species when homologous muxles. such as tibialis anterior. were compared. In mouse, the major isoform was HCIIb, expressed together with smaller amounts of HCIId. Owing to its very law concentration, HClIa was hardly detectable (Figure 1 . h e 6). In rat, TA muscle TA PSd A M GA VL TA 
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PSs AM EDL GAd GAm TA VL was characterized also by a high content of HCIIb, together with HCIId and a low amount of HCIIa (Figure 1 , Lane 1). However, in rabbit HCIIb was not found in the TA muscle which, conversely, contained a high amount of HCIId together with small amounts of HCIIa (Figure 2 , Lane 6). These differences were further documented by densitometry (Table 1) . Likewise, HCIIb was not found in EDL and psoas muscles of rabbit, but HCIIb was present in adductor magnus, gastrocnemius, and vastus lateralis muscles (Figure 2 , Lanes 2.4.5, and 7; and Table 1 ).
Rat Muscles
Four major fiber types were delineated in rat fast-twitch muscle in serial sections processed by mATPase with acid and alkaline preincubations. After pre-incubation at pH 4.30, all Type I1 fibers were unstained ( Figure 3a ). Type IIB fibers appeared medium after preincubation at p Figure 3d ). At pH 7.2 they stained slightly darker than IIB fibers (Figure 3e ). The staining pattern of the major and intermediate fast fiber types was the same in all rat muscles studied. A schematic summary of their mATF'ase staining patterns is shown in Figure 4 .
As judged from the reaction for NADH-TR (Figure 3f ), the mitochondrial content of the three fast fiber types in rat muscles decreased in the order of IIA>IID>IIB. However, large overlaps existed between Types IIA and IID and Types IID and IIB. These fiber types also differed with regard to their cross-sectional areas ( Figure  5 ). According to the mean values of the fiber areas, Type IIB fibers were the largest, IID intermediate, and IIA the smallest. However, the histograms in Figure 5 show large scattering for each fiber type and overlaps among the fiber types. Nevertheless, differences between Types IIA and IID and between Types IID and IIB proved to be statistically significant (p<O.OOOl). As confirmed by orienting measurements on different portions of tibialis anterior muscle, scattering was pronounced for IIB fibers owing to larger crosssectional areas in the superficial than in the deep portion. Fiber Types IIBD and IIDA were intermediate not only according to their mATPase staining but also with regard to their cross-sectional areas and oxidative capacities, i.e., between the major fiber Types IIB and IID and between IID and IIA, respectively.
Mouse Muscles
Unlike in the rat, Type IIB fibers of mouse muscle displayed only weak mATF'ase staining with Method A after pre-incubation at pH 4.6 (Figure 6a ). Type IID fibers stained darker than IIB fibers. The same pattern was found after alkaline pre-incubation with Method C (Figure 6c ). Therefore, Methods A and C could both be used for separating IIB and IID fibers in mouse muscle. This applied also for Method D (Figure 6d ). Conversely, under the conditions used in Method B no clear-cut separation of Types IIB and IID was obtained. Because Type IIA fibers displayed a relatively great acid stability, their separation for moderately stained IIB fibers was less distinct in mouse than in rat (Figure 6a ). Similar observations have been reported previously (16, 23) . The pH value of the preincubation solution for Method A was found to be critical. Lowering the pH value from 4.6 (optimal for rabbit) slightly enhanced the inactivation of the IIA fibers. However, using Method B with pre-incubation at pH 4.6, Type IIA and Type IIB fibers were clearly separated (Figure 6b ). Clear separations were also obtained by Methods C (Figure 6c ) and D (Figure 6d ). It is interesting that the mATPase activity of Type IIB and IIA fibers was completely inhibited after pre-incubation at pH 4.3 (Method A), whereas IID fibers often showed some residual activity (results not shown). In this respect, IID fibers resemble C fibers, which always showed some activity at pH 4.3 (Method A). However, they could be delineated as a distinct fiber type because they displayed higher activities than the C fibers after alkaline pre-incubation. Moreover, C fibers were found to be extremely rare in fast-twitch muscles of the mouse. A summary of the mATPase staining intensities for the mouse is shown in Figure 7 .
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The staining pattern of the three fast fiber types in the reaction for NADH-TR corresponded to that in the rat, with the same order of oxidative capacities, i.e., IIA>IID>IIB (Figure 6e) . Similarly, the distribution of fiber cross-sectional areas in mouse resembled that of rat (Figure 8 ), with the mean of IIB fibers being the largest (p<O.OOO~), IID intermediate (p<O.OOOl), and IIA the smallest (p<O.OOo~). As in the rat, IIB fibers in particular showed large variations in size between different parts of the muscle.
Rabbit Muscles
The staining pattern of rabbit adductor magnus muscle is illustrated in Figure 9 . Four major staining intensities were distinguished with Method A after pre-incubation at pH 4.6: dark Type I fibers (not shown), light IIA fibers, and two intermediately stained fiber populations, i.e., lighter stained Type IID and darker stained Type IIB (Figure 9a ). Similar staining patterns were obtained with the use of Method B, pH 4.6 ( Figure 9b ) and Method C, pH 10.4 (Figure %) . Thus, it was possible to separate three fast fiber types, IIA, IID, and IIB, in rabbit skeletal muscle. As in rat and mouse, a few fibers (approximately 7%) with staining intensities between these major groups were observed. They were designated accordingly as IIBD and IIDA. Interestingly, and in contrast to both mouse and rat, Method D (pH 7.2) provided no distinction between the fast fiber types in rabbit muscle (Figure 9d ).
When the same methods for mATPase staining were applied to gastrocnemius and vastus lateralis muscles of rabbit, similar staining patterns with the distinction of three fast fiber types were obtained, as in adductor magnus muscle. Figure 10 summarizes the staining profiles of the three fiber types in rabbit. However, only two major fast fiber types were seen in rabbit extensor digitorum longus, psoas,and tibialis anterior muscles. Using Method A (pH 4.6, not shown), as well as Methods B (pH 4.6) and C (pH 10.4), two staining intensities were distinguished among the fast fiber population, the light Type IIA and the fairly dark-stained Type IID Figures I l b and Ilc). In addition, in these muscles (EDL, PS, TA), Method D (pH 7.2) was unable to separate any fast fiber subtypes ( Figure Ild) . When different muscles were compared, it was observed that the staining intensity of the Type IID fibers in rabbit was lighter in the adductor magnus (Figure 9b ) than in the extensor digitorum longus (Figure lib) . The reason for designating the two fast fiber types in the extensor digitomm longus as Types IIA and IID is that the electrophoretic analyses identified HCIId as a major and HCIIa as a minor myosin heavy chain isoform in this muscle (Figure 2, Lane 3) . Furthermore, HCIIb could be identified in extracts from adductor magnus muscle where all three fast fiber types were present (Figure 2 , Lane 2. and Figure 9 ). The size and the amount of IIA fibers were so small in adductor magnus muscle that the minute amount of HCIIa escaped electrophoretic detection.
Staining for NADHTR revealed that also in rabbit muscles IIA fibers displayed the highest activity (Figures 9e and Ile) , whereas both Types IIB and IID exhibited very low activities ( Figure Se) . This made it difficult to delineate IID and IIB fibers according to their oxidative capacity. Slight differences existed between the 
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staining intensity of Type IID fibers in different muscles (see Figures 9e and Ile).
Measurements of fiber size in the adductor magnus muscle confirmed the order IIB>IID>IIA with pronounced scattering and overlaps, especially for Types IIB and IID (Figure 12 ). Nevertheless, the differences among the three populations were extremely significant (p<O.OOOl). A large range of cross-sectional areas was also found for Type IID fibers in EDL muscle (Figure 13 ). In general, Type IID fibers in EDL muscle showed larger cross-sectional areas than Immunohistochemistry (8, 9, 12, 14) and electrophoretic separation of myosin heavy chain isoforms (6, 7, 11) have led to the detection of a third fast fiber type, named Type 2X or Type IID, containing the fast myosin heavy chain isofom HC2x or HCIId. The histochemical characteristics of this third fast fiber type were found to resemble Type IIB fibers in the mATPase staining after acid pre-incubation according to Brooke and Kaiser (2) . This explains why in previous studies these fibers escaped attention and may have been erroneously included in the IIB fiber population. However, performing systematic studies on the effects of different pre-incubation conditions on mATPase staining, Gollnick and collaborators had already suggested the existence of a third fast fiber type (19, 20, 24) . Similarly, modifications of the mATPase assay with the use of lead nitrate (21) provided evidence for the existence of a third fast fiber type.
Our results are in agreement with these previous observations. Using different conditions for mATPase staining, we show that Type IID fibers can be histochemically separated not only in mouse and rat but also in rabbit. With all conditions studied, we observed differences among the staining patterns of the three fast fiber types in these three species. Therefore, no general scheme for the staining patterns can be presented. For example, IID fibers in the rat can be delineated from Type IIA but not from Type IIB by acid pre-incubation. However, as previously shown (6, 12, 25) , IID fibers IID m=2.04 h IIB m=3.39 
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can be separated from IIB fibers by formaldehyde-alkaline pretreatment with the method of Guth and Samaha (3). In contrast, in mouse Type IID and IIB fibers can be separated not only by this procedure but also by the method of Brooke and Kaiser (2) after I @ acid pre-incubation, as previously shown by Gorza (12). Further differences, i.e., reverse staining patterns, can be seen when rat and mouse are compared to rabbit. After alkaline pre-incubation, Type IIA fibers stain dark in rat and mouse but are light in the rabbit. Furthermore, Type IID and Type IIB fibers can be separated in the rabbit after both acid (2.20) and alkaline (3) pre-incubations, but, contrary to rat and mouse, the two fiber types in rabbit exhibit Taken together, Type IIB and Type IID fibers can be best distinguished in rat and mouse after formaldehyde-alkaline pre-incubation (3). as well as by the lead nitrate method of Hughes (21). The method of Brooke and Kaiser (2) can also be applied to mouse and rabbit. However, in rabbit the method of Matoba and Gollnick (20) proved to give the best and most reproducible results.
In the three species studied, the three fast fiber types are also characterized by difTerent oxidative capacities. This points to difTerent recruitment pattems. such that IIA fibers with the highest oxidative capacity are fatigue resistant and endowed for sustained activity, whereas the opposite holds true for IIB fibers. Type IID would therefore be intermediate. This classification also conforms with other properties, e.g., with fiber size. In all three species studied, a relation existed between fiber type and mean cross-sectional area, a finding that is in disagreement with the earlier results of Bottinelli and co-workers (26). However, scattering was obvious for each fiber type (Figures 5 , 8, 12, and U) , suggesting the malleability of fiber types. This is especially clear when the same fiber type is compared in different muscles, e.g., Type IID fibers in rabbit EDL and AM. Another observation justifying the intermediate position of IID fibers between Types IIB and IIA has been derived from the sequential transformation of fast fiber types exposed to chronic low-frequency stimulation. Myosin heavy chain analyses showed that the sequence of fiber type transitions occurs in the order IIB- The intermediate fiber Types IIBD and IIDA are thought to be transitory fibers, therefore, containing two myosin heavy chain isoforms together, e.g., HCIIb + HCIId and HCIId + HCIIa, respectively (27). This explains why the properties of the intermediate fiber types are between the pure fiber types, i.e., those expressing only one myosin heavy chain. Hybrid fibers have previously been detected in muscles undergoing fast-to-slow transition under the influence of chronic low-frequency stimulation (15) . Their presence in normal muscles, although at a lower amount, suggests the possibility of fiber type transitions also under steady-state conditions. Therefore, the phenotype of a normal mature muscle seems to undergo a continuous adjustment of its fiber type composition.
30-
25-
An important finding is the different distribution of the three fast fiber types in the muscles of mouse, rat, and rabbit. Type IIB fibers represent the major fiber fraction in EDL and TA muscles of mouse and rat, whereas they are absent in the same muscles of rabbit, as also shown by myosin heavy chain analysis. This finding is in disagreement with the generally accepted notion that all fasttwitch glycolytic fibers in rabbit muscles correspond to Type IIB fibers. Another example of species-specific fiber type distribution is psoas muscle. In rat and mouse, psoas muscle contains all three fast fiber types, whereas in rabbit this muscle is devoid of IIB fibers and is almost exclusively composed of Type IID fibers. The same conclusion can be drawn from its myosin heavy chain composition.
Conversely, HCIIb was found to be prominent in AM, GAS, and VL muscles of rabbit. However, distinct distributions of the three fast fiber types in different parts of these muscles must be taken into account. In general, the architecture of these muscles displays gradients, with increases in Type IIA and concomitant decreases in Type IIB from superficial parts towards deeper portions. An example is given for different parts of the GAS at the protein level in Figure 2 (Lanes 4 and 5 ) .
Our results show that Type IIB fibers are restricted to specific muscles in rabbit. These findings can be reconciled with observations by Mabuchi et al. (28) who, using the monoclonal antibody YQ-4C4, separated specific "low-oxidative 2B fibers" in AM muscle of rabbit, but not in psoas. A second monoclonal antibody, named W-4C4, recognized these fibers in AM muscle and, in addition, reacted with "high-oxidative 2B fibers" (28). In our opinion, their findings can be explained by assuming that antibody YQ-4C4 recognized HCIIb, whereas W-4C4 reacts with both HCIIb and HCIId. The "high-oxidative 2B fibers" might therefore correspond to the Type IID fibers described in the present study for rabbit muscle.
A possible explanation of the predominance of Type IID fibers in certain rabbit muscles relates to the suggested differences in contractile properties between fiber Types IIB and IID. Assuming that Type IIB represents faster contracting fibers than IID fibers, it can be speculated that larger animals with slower locomotion have less need for the use of IIB fibers than smaller animals that rely more on the use of IIB fibers because of their faster locomotion.
In summary, fast fiber Types IIB, IID, and IIA can be separated histochemically in skeletal muscles of mouse, rat, and rabbit. Because of species-specific differences, modifications of mATPase histochemistry proved to be appropriate for the distinction of three fast fiber types in these species. Fiber Type IID has not been previously demonstrated in rabbit. However, as shown in the present study also by myosin heavy chain analyses, IID fibers represent a predominant fast fiber type in some muscles of rabbit. Conversely, the presence of appreciable amounts of Type IIB fibers and of myosin HCIIb is restricted to other muscles.
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